Intrauterine inflammation generates inflammatory mediators that damage the developing bronchoalveolar epithelium, resulting in neonatal lung injury. Lung fluid transport disorders are the main reasons for the development of pulmonary edema, an important pathology of lung injury. Previous studies suggested that epithelial sodium channels (ENaCs) play an important role in lung fluid transport. Here, we investigated whether changes in the expression of ENaCs were observed when neonatal rat lung injury was induced by maternal exposure to endotoxin. We also examined the therapeutic effect of terbutaline nebulizer inhalation on this injury. The results showed that maternal exposure to endotoxin increased the levels of TNF-α and IL-1β in bronchoalveolar lavage fluid, suppressed α-, β-, γ-ENaC in the neonatal rat lung, and resulted in the formation of pulmonary edema on postnatal days 1 and 7. Terbutaline up-regulated the expression of β-and γ-ENaC in the distal lung after 7 days of treatment. The potential signal molecules cAMP, PKA, and CREB expressions were increased after terbutaline treatment. In summary, maternal exposure to endotoxin decreased the expression of ENaCs in neonatal rats which, in turn, may exacerbate pulmonary edema. Inhalation of the β2-adrenergic receptor agonist terbutaline improved lung liquid clearance. By increasing the expression of sodium ion channels, the effective removal of alveolar fluid provides a new way for the prevention and treatment of neonatal lung injury.
and meconium aspiration syndrome (7.0%). [2] [3] Exposure to intrauterine inflammation or infection is a key perinatal factor. 4 Intrauterine infections can induce a large number of pro-inflammatory mediators and cytokines. This may lead to a fetal inflammatory response syndrome by triggering the fetal innate immune system. [5] [6] This system may then activate alveolar inflammatory cells contributing to fetal lung injury. [7] [8] The obstruction of gas exchange caused by pulmonary edema is an important pathological basis of lung injury. 9 If a newborn is in a period of lung fluid transition, a delay or obstruction of lung fluid transport may result in pulmonary edema. 10 Therefore, understanding the mechanism by which intrauterine inflammation influences the mechanisms of liquid movement in the newborn lung is an important area of study.
Epithelial sodium channels (ENaCs), the primary mechanism of pulmonary alveolar liquid transport, and function by moving sodium ions through the apical membrane into lung epithelial cells where it is then extruded by the ATPase pump. This creates an osmotic gradient resulting in the net clearance of fluid from the airspace. 11 Many studies have shown that an appropriate number and function of alveolar ENaCs is crucial for lung fluid transport. 10, 12 In contrast, inflammatory mediators can significantly stifle the expression of alveolar ENaCs in vivo. 13 But, it is still unclear whether intrauterine infection affects the expression of ENaCs in neonatal rats.
The current study was designed to further research the basis of abnormal lung fluid transport when neonatal lung tissue is injured by an intrauterine infection. We first established an optimal animal model of intrauterine infection-induced lung injury in neonatal rats by using the 
| Animal model and interventions
Adult male and female rats were used to mate. Pregnant Sprague Dawley rats of gestation day 18 were divided randomly into control, LPS, and LPS + terbutaline groups (pregnant rats, n = 10 in each group). Pregnant rats in the LPS and LPS + terbutaline groups were injected intraperitoneally with 0.7 mg/kg LPS. The control group received an equal volume of saline. These pregnant rats gave birth to newborn rats. In the group of LPS + terbutaline,
neonates from LPS-treated-mother were given terbutaline inhaled once each day and continued for 7 days in an enclosed container from the day of birth (10 mg/kg/d). Lung tissues were collected from neonatal rats on P1
and P7 in different groups. Eight neonates were used in each group at each time point (n = 8). Bronchoalveolar lavage fluid (BALF) and lung tissues were stored at −70°C before analysis. The rats were sacrificed 24 h after the last terbutaline exposure by a lethal intraperitoneal injection of 50 mg/kg pentobarbital.
| Lung histology
The right upper lung lobes were fixed in 10% formalin for 24 h. The tissues were then dehydrated and embedded in paraffin. Slides from the anterior upper and posterior lower lobes were stained with hematoxylin and eosin, and then scored using a semiquantitative scoring system by a pediatric pathologist (S.C.S.) blinded to the treatment group. Edema, alveolar and interstitial inflammation, alveolar and interstitial hemorrhage, atelectasis, necrosis, and hyaline membrane formation were each scored on a 0-to 4-point scale: no injury = score of 0; injury in 25% of the field = score of 1; injury in 50% of the field = score of 2; injury in 75% of the field = score of 3; and injury throughout the field = score of 4. Quantitative morphometric measurements were performed on slides obtained from anterior upper and posterior lower lobes of the studied animals, using a modified method as previously described. 14 
| Measurement of extravascular fluid in lung tissue
Lungs were isolated for the determination of wet-to-dry weight ratios to evaluate pulmonary edema. Briefly, the lower lobe of the right lung of the rat was cut out and the wet weight of the lung lobe was measured. After baking in 80°C oven for 72 h, the dry weight of the lung lobe was measured after no change of the mass, and the lung tissue wet-to-dry was calculated. Lungs were not perfused before collection. After the collection, the right main bronchus was ligated and the left lung was perfused with saline. 
| Immunohistochemistry/immunofluorescence for α-ENaC
Frozen tissue slices were treated with 3% hydrogen peroxide to quench endogenous peroxidases and incubated with an anti-α-ENaC antibody at 4°C overnight (1:20, Santa Cruz Biotechnology).
Tissues were then incubated with a biotinylated secondary antibody (Sigma-Aldrich) and stained with 3,3′-diaminobenzidine (Sigma-Aldrich) for microscopic observation.
| Statistical analysis
All data are presented as means ± standard deviation. Statistical analyses were performed by one-way analysis of variance (ANOVA) and Student's t-test using SPSS 17.0 software (IBM, Chicago, IL). P values less than 0.05 were considered significant. 
| Terbutaline reversed the effects of LPS on ENaC expression
The expression of α-, β-and γ-ENaC mRNA was decreased in the LPS group compared to the control group on P1 and P7. Terbutaline had no effect on the expression of any ENaC compared to the LPS group on P1. However, when terbutaline was inhaled for 7 days, the expression of β-and γ-ENaC mRNA was significantly increased from the LPS group. α-ENaC mRNA was not changed on P7, although its expression remained the highest of the three genes in each treatment group at the same times.
Content of α-ENaC on the cell membrane determine the rate of transfer. Protein levels of α-, β-, and γ-ENaC in lungs from the LPS group were significantly lower than in the control group on both P1 and P7, while protein levels of α-, β-, and γ-ENaC in lungs from the terbutaline group were significantly higher than in the LPS group on P7. And terbutaline partially improved the protein levels of α-EnaC on P1. But there had no changes of the expression of β-, and γ-ENaC between the LPS group and the terbutaline group on P1. These data indicated that maternal exposure to endotoxin may decrease the expression of α-, β-, and γ-ENaC in neonatal rat lungs and that terbutaline can inhibit this effect (Figures 3).
FIGURE 1
Terbutaline reduced the intrauterine inflammation in the lung tissues from neonatal rats treated with endotoxin. A and B, Effects of terbutaline on LPS-induced lung histological alterations and pathological score after LPS challenge on P1 and P7 (H&E stain, magnification ×200). C, Effects of terbutaline on wet/dry ratios in neonatal lungs on P1 and P7 after LPS challenge. Lung wet/dry weight ratios in the terbutaline group were significantly lower than those in the LPS group. Data are presented as means ± SD. *P < 0.05 compared with the control group, #P < 0.05 compared with the LPS group, n = 8 in each group 
| Terbutaline increased cAMP, PKA, and CREB in the neonatal lungs treated with endotoxin
Compared to the control group, the expression of cAMP, PKA, and CREB mRNA was decreased in the LPS group on P1 and P7. And, compared to the LPS group, the expression of cAMP, PKA and CREB mRNA was significantly increased in the terbutaline group on P7, but had no changes on P1 (Figures 5).
| DISCUSSION
Maternal exposure to endotoxin causes acute lung injury in neonatal rats by stimulating an excessive inflammatory reaction. 15 In the current study, neonatal rat lung tissues were injured significantly by Therefore, the current study explored the effect of intrauterine inflammation on alveolar fluid transport in newborn rats.
Alveolar ENaCs are the key limiting step in the transport of lung fluid. [18] [19] According to the selectivity of ENaCs to sodium ions, they are divided into high-select (HSC) and non-high-select (NSC) channels. 20 In the neonatal transition period, the alveolar epithelium Up-regulation of the expression of sodium channels may promptly remove excess alveolar liquid. This suggests a new approach for the prevention and treatment of neonatal lung injury. [24] [25] In adults, several agents have been found to stimulate ENaCs in pulmonary epithelia via different pathways. 26 These include transmitters interacting with G protein-coupled receptors, circulating hormones, and reactive oxygen species. A previous study suggested that epinephrine was the most efficient drug to upregulate Na + transport. 27 The effect of epinephrine on ENaCs is mediated mainly through β2-receptors, which has been shown that can upregulate ENaCs expression by cAMP-PKA pathway. [28] [29] The binding of a β2-receptor agonist to the cell membrane β2-adrenergic receptor increases cellular cAMP concentrations that further activate cAMP-dependent protein kinase A (PKA). 30 PKA activation then increases the number and/or function of ENaCs 31 by inserting already synthesized ENaCs into the cell membrane 27 and upregulating the transcription and translation of the ENaC gene. 30 Terbutaline is a widely used β2-receptor agonist in clinical.
Based on these findings, we chose inhaled terbutaline as a likely treatment for neonatal lung injury. The results show that terbutaline treatment of neonatal rats improved the pathological score, lung wetto-dry ratio, and the levels of TNF-α and IL-1β in BALF of neonates from dams treated with LPS. These data implied that the inhalation of terbutaline may reduce neonatal rat lung injury and pulmonary edema by decreasing intrapulmonary effusion.
The results of qRT-PCR analyses indicated that 7 days of inhaled terbutaline couldup-regulate the pulmonary expression of the β-and γ-ENaC mRNA, but had no effect on α-ENaC mRNA. Regulation of the expression of ENaC subunits may involve terbutaline-induced changes in HSCs and NSCs in the membrane. As NSCs transform into HSCs, there are changes in the biochemical characteristics of the channels, thereby increasing the efficiency of lung fluid transport. 32 The mechanism of this effect may involve terbutaline inducing an intracellular pool α-ENaC to return to the surface of the cell membrane, or by reducing the degradation of α-ENaC at the cell membrane. Both mechanisms may increase the number of NSCs on the cell membrane and increase lung water transport thereby improving the efficiency of lung liquid clearance.
We also found that after inhaling 7 days terbutaline, the expression of cAMP, PKA and CREB mRNA in the terbutaline group was significantly increased compared to the LPS group. As well as after the exposure to the intrauterine inflammatory environment, the expression of cAMP, PKA and CREB mRNA in the LPS group was significantly decreased compared to the control group. This result suggesteds that terbutaline may regulate the cAMP-PKA-CREB pathway and reduce the inflammatory response through increasing ENaCs expression, which was consistent with previous studies. [27] [28] [29] [30] However, although the decrease of lung water content may be due to an increase of α-ENaC on the cell membrane, further experiments are needed to confirm this supposition. This can be achieved by detecting Na + currents though the patch clamp technique in vitro. This is also a limitation of the current study.
| CONCLUSION
In summary, the expression of α-, β-, γ-ENaC mRNA, and protein, was 
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